Sensitivity studies for the weak r process: neutron capture rates AIP Advances 4, 041008 (2014) The pattern of isotopic abundances produced in rapid neutron capture, or r-process, nucleosynthesis is sensitive to the nuclear physics properties of thousands of unstable neutron-rich nuclear species that participate in the process. It has long been recognized that the some of the most influential pieces of nuclear data for r-process simulations are β-decay lifetimes. In light of experimental advances that have pushed measurement capabilities closer to the classic r-process path, we revisit the role of individual β-decay rates in the r process. We perform β-decay rate sensitivity studies for a main (A > 120) r process in a range of potential astrophysical scenarios. We study the influence of individual rates during (n, γ )-(γ , n) equilibrium and during the post-equilibrium phase where material moves back toward stability. We confirm the widely accepted view that the most important lifetimes are those of nuclei along the r-process path for each astrophysical scenario considered. However, we find in addition that individual β-decay rates continue to shape the final abundance pattern through the post-equilibrium phase, for as long as neutron capture competes with β decay. Many of the lifetimes important for this phase of the r process are within current or near future experimental reach. 
I. INTRODUCTION
The continuous build up of heavier nuclei via neutron captures and β decays during astrophysical events occurs primarily on short or long timescales in the r and s processes of nucleosynthesis. 1, 2 The slow neutron capture process (s process) proceeds over timescales of millions of years in AGB stars ultimately ending with the production of 209 Bi. 3 While the nuclear physics properties and astrophysical conditions of the s process are well established these issues still remain open for the rapid neutron capture process (r process). Many candidate sites for the r process have been proposed including promising environments in supernova and the merger of neutron stars. However, each of these sites suffer from their own unresolved problems; see Refs. 4 and 5 and references therein.
From the perspective of nuclear physics, much of the difficulty of constraining the astrophysical site for the r process comes from the challenge and shear number of measurements that must be performed on thousands of short-lived neutron-rich nuclei far from stability that may participate in this process. For instance, neutron captures in the r process are believed to first exceed and then compete with β decays allowing for the set of most abundant isotopes or "path" to potentially push out to the neutron dripline. Thus β-decay lifetimes of these nuclei are critical inputs for the r process because they not only set the timescale for heavy element production if (n, γ )-(γ , n) equilibrium occurs but also help to shape the final pattern as the path moves back to stability. 6, 7 To date there have been many studies of β-decay rates most of which have focused on so-called 'waiting point' nuclei. Waiting point nuclei are those that accure substantial mass fraction for a given time relative to the timescale of the nucleosynthesis process at hand. Ref. 8 studied the β decays of waiting point nuclei along the N = 126 isotone noting a shift in the A = 195 peak when first-forbidden transitions were taken into account. Inclusion of the latest measurements of β-decay half-lives is also important. Using recent measurements from RIKEN Ref. 9 demonstrated an enhancement of abundances in the region below the A = 130 peak which shifted the pattern closer to solar.
In this work we study the influence of individual β-decay rates across the chart of nuclides in the context of a main r process which produces nuclear flow out to the third (A = 195) abundance peak. Section II covers the details of our reaction network calculations and section III covers our assumptions about astrophysical conditions. In section IV we provide an overview of our sensitivity study calculations. The results of our sensitivity studies are discussed in sections V-VII.
II. NUCLEAR NETWORK CALCULATION
In the majority of astrophysical scenarios considered, the r process is a primary process in which element synthesis begins from initially hot (T > 10 GK) material composed of free neutrons and protons. A full r-process calculation therefore involves a network of differential equations for every nuclear species and all of the strong, electromagnetic, and weak interactions that connect them. However, the rapid neutron capturing that characterizes the r process and produces the heaviest nuclei A > 120 does not begin in earnest until the temperature has dropped to T ∼ 2 GK and the charged particle interactions have largely ceased. Thus the remaining nuclear reactions important for the r process include only neutron capture, photodissociation, β decay, and β-delayed neutron emission (and possibly fission). Therefore for each nuclear species (Z, A) the following equation governs its change in abundance:
where Y(Z, A) is the abundance of nucleus (Z, A), λ n the neutron capture rate, λ γ the photodissociation rate, λ β the β-decay rate, and λ βxn the rate for β-decay followed by emission of x neutrons. It is important to note that the neutron number density n n , though not written out explicitly above, determines the neutron capture rate, λ n = n n σ v (where σ v is the thermally averaged (n, γ ) reaction rate), and the photodissociation rate, through detailed balance. The coupled set of 3000 or so of these equations, one for each nuclear species, forms the r-process network. They are solved given initial inputs of the astrophysical conditions (temperature, density, etc. as a function of time) and the relevant nuclear physics properties (masses, β-decay lifetimes and β-delayed neutron emission probabilities, neutron capture rates, etc. While the details of the r process will vary depending on the astrophysical conditions, a typical simulation will proceed in three phases. The first phase is the (n, γ )-(γ , n) equilibrium phase, in which the temperature and neutron number densities are sufficiently high such that an equilibrium is established between captures and photodissociations. In this phase, the abundances along an isotopic chain are determined by a Saha equation:
where the Gs are the partition functions, m n is the nucleon mass, and S n are the one-neutron separation energies. Thus, the abundances along an isotopic chain are determined from the nuclear masses.
The relative abundances of the different isotopic chains are set by the β-decay lifetimes of the most populated nuclei along each chain. This chain of most populated nuclei is called the r-process path, and in steady state the abundances along it are characterized by the steady β flow condition:
Eventually, either the temperature drops or the supply of free neutrons is exhausted and (n, γ )-(γ , n) equilibrium begins to fail. In this second phase of the r process-the freezeout phase-the shapes of the main peaks are finalized 10 and the rare earth peak forms. 7, 17 During this phase individual neutron capture rates, photodissociation rates, β-decay rates, and β-delayed neutron emission probabilities can all play a role in shaping the final r-process abundance pattern. The final phase of the r-process is the decay back to stability, which begins in earnest once the timescale for neutron capture becomes much longer than the β-decay timescale. The abundance pattern as a function of mass number A is largely set by this time, with fine details determined by the relevant β-delayed neutron emission probabilities.
From this general picture, we expect the individual β-decay rates of nuclei along the r-process path in the equilibrium phase to be of primary importance in determining the r-process abundances. However, β-decay rates will continue to shape the r-process pattern throughout the freezeout phase and as the material moves toward stability. Exactly which lifetimes are most important will thus be highly dependent on the astrophysical scenario.
III. ASTROPHYSICAL SCENARIOS
We begin our sensitivity studies with baseline simulations chosen from a range of potential astrophysical scenarios that produce a main (A > 120) r process. The scenarios fall into two broad categories-mildly heated, very neutron-rich neutron star merger ejecta, and hot astrophysical winds, such as the core-collapse supernova neutrino-driven wind or winds from gamma-ray burst-type black hole accretion disks. Within the latter category we choose trajectories which produce either a classic hot r-process or a cold r-process. 18 A classic hot wind main r-process is characterized by an (n, γ )-(γ , n) equilibrium phase during which the r-process peaks at A ∼ 130 and A ∼ 195 are produced, followed by a freezeout phase, as described above, that is triggered by the depletion of free neutrons. For the hot wind r processes considered here, we use the wind parameterization from Ref. 19 The temperatures and densities in a realistic wind can drop more rapidly than in the classic hot parameterized wind described above. In this type of scenario, called a cold r-process, 18 (n, γ )-(γ , n) equilibrium is established only briefly, since photodissociations become negligible once the temperature drops below ∼0.1 GK. The r process can proceed to build the heavy peaks, however, as long as the free neutron abundance remains high. Without photodissociations to push material back towards stability, the r-process path moves toward the neutron drip line, and a new equilibrium can be established between neutron captures and β decays. For the cold r-process winds, we implement the wind parameterization of Ref. 23 with entropies s/k = 50 − 300, dynamical timescales τ dyn = 20 − 200 ms, and initial electron fractions Y e = 0.25 − 0.4. We additionally include three trajectories from the neutrino-driven wind simulations of Ref. 21 , where we artificially reduce the electron fractions to Y e = 0.31 − 0.33 to produce a main r process. The final abundance pattern from the 15 solar mass case with Y e = 0.33 is shown in Fig. 1 .
The final scenario we consider is the ejection of mildly heated, very neutron-rich material from the tidal tails of a neutron star merger. We start with a trajectory from a merger simulation by A. Bauswain and H.-Th. Janka, similar to those from Ref. 24 . We then extrapolate it out to low temperatures, keeping the entropy constant, as validated by recent merger simulations followed to late times. 25 The resulting r process proceeds in (n, γ )-(γ , n) equilibrium as in the classic hot r process, but here freezeout is prompted by the drop in temperature and density rather than an exhaustion of free neutrons as in the hot r-process case. Neutrons are in fact so plentiful that fission recycling occurs. This abundance pattern is shown in Fig. 1 as well.
IV. SENSITIVITY STUDY
Once our set of baseline astrophysical trajectories are chosen, we run a β-decay sensitivity study for each. Each sensitivity study consists of over 4000 repetitions of the baseline simulation, where for each repetition a single β-decay rate is either increased or decreased by a consistent factor. To guide our choice of a reasonable rate variation factor, we examine a comparison between experiment and theory as shown in Fig. 2 . Since the discrepancies between theory and experiment can be an order of magnitude or more, we choose a factor of ten for our rate variations. Finally we compare the final abundance patterns produced with the β-decay rate variations to the baseline pattern using the sensitivity measure F, similar to Refs. 26-28:
where Y baseline (A) are the final baseline abundances, and Y increase (A) and Y decrease (A) are final abundances of the simulations where a single β-decay rate is increased or decreased, respectively. Sensitivity measures for the three example trajectories from Fig. 1 are found in Fig. 3 and Table I and described in the sections below. Additional sample results and analysis from this large set of sensitivity studies can be found in Refs. 28-30. . We choose a factor of 10 (black lines) for our rate variations.
V. β DECAY IN EQUILIBRIUM
As expected, our sensitivity studies confirm that the most influential β-decay rates are those of nuclei that lie along the r-process path in the equilibrium phase. This is illustrated in Fig. 4 , which compares the sensitivity measures F from the hot wind r-process example to the abundances in the equilibrium phase for the same simulation. To confirm that the strong influence of the β-decay rates along the r-process path occurs during the equilibrium phase, we repeat the sensitivity study with the same baseline simulation, now terminated before the end of the equilibrium phase. The results of this equilibrium-only sensitivity study appear in the bottom panel of Fig. 4 .
The steady β flow approximation furthermore suggests that the potential impact of the β-decay rate of a nucleus along the path will be roughly in proportion to its abundance during equilibrium. This is tested in Fig. 5 for the three sensitivity studies from Fig. 3 . Steady β flow is established in all three cases, even the cold r-process example where (n, γ )-(γ , n) equilibrium holds only very briefly. 28 As a result, each simulation is the most sensitive to the β-decay lifetimes of the longest lived and thus most abundant nuclei along the path. Examples of abundance patterns produced when the β-decay rate of one nucleus along the equilibrium r-process path is varied can be found in Ref. 28 .
VI. β DECAY IN FREEZEOUT
The equilibrium-only sensitivity study results from Fig. 4 clearly shows that the sensitivity of the r process to the β-decay rates of nuclei along the steady-state r-process path arises during (and is largely limited to) the equilibrium phase. The results also suggest that the sensitivity of the r process to the β-decay rates of nuclei between the r-process path and stability arises principally during the freezeout phase. In all three cases from Fig. 3 , we find sensitivity measures F for these nuclei that are significant but not as large as those for nuclei along the equilibrium r-process path. This is because the path is moving toward stability during the freezeout phase and steady β flow no longer obtains.
The drop in sensitivity measures along the r-process path during the freezeout phase in the hot r-process example simulation is shown in Fig. 6 . During the equilibrium phase, the timescales for neutron captures τ (n, γ ) and photodissociations τ (γ , n) are much faster than for β decays τ β , where the timescales are defined as:
where Y(Z, A) are the abundances and λ (n, γ ) , λ (γ , n) , and λ β are the neutron capture, photodissociation, and β-decay rates, respectively. Fig. 6 shows how the relative timescale ratios τ (n, γ ) /τ β and τ (γ , n) /τ β evolve during the hot r-process example simulation. During the equilibrium phase, τ (n, γ ) = τ (γ , n) τ β so the ratios τ (n, γ ) /τ β and τ (γ , n) /τ β are essentially zero. The sensitivities of the r-process to the β-decay rates along the r-process path during this time are very large, and the average F measures obtained along the path exceed 10, also as shown in Fig. 6 . At around t ∼ 1 s, τ (n, γ ) /τ β and τ (γ , n) /τ β climb and then diverge as (n, γ )-(γ , n) equilibrium fails. While photodissociations quickly drop out of the picture, neutron captures and β decays continue to compete, with τ (n, γ ) /τ β < 5, for another second or so. During this phase, the average F measures along the path gradually drop, and eventually become insignificant once τ (n, γ ) τ β . A similar figure for the cold r-process example simulation is shown in Fig. 7 . Several differences compared to the hot r-process case are apparent. Even at very early times, the ratios τ (n, γ ) /τ β and τ (γ , n) /τ β don't quite equal each other; this is because the system falls very quickly out of (n, γ )-(γ , These are compared to the ratio of the timescales for neutron capture and β decay, τ (n, γ ) /τ β (solid line), and the ratio of the timescales for photodissociation and β decay, τ (γ , n) /τ β (dotted line).
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Mumpower et al. n) equilibrium, and by t ∼ 0.3 s photodissociations cease to play a role in the r-process dynamics. Instead, a rough equilibrium is established between neutron captures and β decays for some tenths of seconds, while τ (n, γ ) /τ β ∼ 1. The average sensitivity measures F along the r-process path remain high through this second equilibrium phase, and drop only after τ (n, γ ) /τ β > 2. Here the freezeout phase begins in earnest, and, as in the hot r-process case, the average sensitivity measures F along the r-process path drop markedly as steady β flow no longer obtains. Since the path starts much further from stability where the lifetimes are very short, the path moves rapidly back toward stability during this phase. Thus the potential impact of any one individual rate is less than in the hot r-process case, and the average sensitivity measures F along the path are correspondingly smaller. During the freezeout phase, a change to an individual β-decay rate can modify the nuclear flow as material moves toward stability. Generally this will produce a small local change to the final r-process abundance pattern. Such small local changes can be quite important, particularly in the formation of the rare earth peak, the smaller peak around A ∼ 160 that forms entirely during freezeout. 7, 17 The role of β-decay rates in the formation of the rare earth peak will be the focus of an upcoming study.
An individual β-decay rate can also produce a global change to the final r-process abundance pattern, if the resulting change in nuclear flow alters where the last few free neutrons are consumed. As an example, consider the role of the β-decay rate of 140 Te in the cold r-process example simulation. 140 Te is not on the r-process path and is only populated early in the freezeout phase, from the β decay of highly abundant 140 Sn. It depopulates primarily by β decay as well, as shown in the top panel of Fig. 8 , so when the β-decay rate is increased by a factor of 10 it depopulates correspondingly faster. At this time the timescale for neutron captures is roughly that of β decays, so subsequent neutron captures can move material upward in A compared to the baseline simulation. These neutron captures effectively 'steal' neutrons from the rest of the nuclear network, as shown in the bottom panel of Fig. 8 , producing global changes to the final r-process abundance pattern. This effect is similar to the influence of individual neutron capture rates at late times described in Refs. 26, 31 . A decrease to the β-decay rate of 140 Te has the opposite effect, such that more material is stuck in 140 Te and thus more free neutrons are available for late time captures elsewhere in the network compared to the baseline simulation. Note the effect of decreasing the rate is smaller than increasing it as in the former case the impact is limited by the amount of material flowing into 140 Te.
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VII. COMPILATION AND CONCLUSIONS
We repeat our sensitivity study procedure for thirty distinct baseline astrophysical scenarios: one merger simulation and the remaining approximately equally split between hot and cold r processes. The results from these thirty sensitivity studies are compiled in Fig. 9 , which shows the maximum sensitivity measure F obtained for each nucleus in the main r-process network. Since the different astrophysical scenarios present a variety of possible r-process paths, a wide band of high maximum F measures is seen far from stability, corresponding to this range of paths. Closer to stability, high maximum F measures are found along the β-decay pathways of the closed shell nuclei and also in the rare earth region, as the latter impact the formation of the rare earth peak. Table I shows a subset of those nuclei with F measures greater than 5 for the three example scenarios of hot r process, cold r process, and a merger scenario as described earlier in Figure 1 . The overlaid lines from the reach of CARIBU and FRIB are estimates based on fission yields of greater than 10 −4 . Experimental reach may in fact extend well beyond those lines. The majority of nuclei with high maximum F measures tend to be even-N nuclei. This is encouraging since for the cases very far from stability, outside of the range of the next generation of experimental facilities, even-even nuclei can be more effectively modeled with collective approaches (e.g. QRPA) than their odd counterparts.
While some of the nuclei with the very highest sensitivity measures F lie beyond the presently expected reach of FRIB in this compilation of trajectories, we expect the present and future dedicated radioactive beam facilities within the next decade will make measurements of short-lived neutronrich nuclei commonplace and provide access to a majority of nuclei important for the r process. Current and future measurements of β-decay lifetimes will help to reduce the large uncertainty that plagues present network calculations allowing us to come within reach of unlocking the longstanding issue of the astrophysical site of the r process.
